uncoupling protein 2 (ucP2) plays a positive role in sepsis. However, the role of ucP2 in experimental sepsis in astrocytes remains unknown. The present study was designed to determine whether ucP2 has a protective effect in an experimental sepsis model in astrocytes asnd to clarify the mechanisms responsible for its neuroprotective effects after sepsis. an experimental astrocyte model mimicking sepsis-induced brain injury was established using lipopolysaccharide (lPS) and interferon (iFn)-γ. additionally, ucP2 knockdown in astrocytes was achieved by adenovirus transfection. Tumor necrosis factor (TnF)-α and interleukin (il)-1β activity, mitochondrial membrane potential (MMP) and reactive oxygen species (roS), and adenosine triphosphate (aTP) levels were assessed. The mitochondrial ultrastructure was evaluated, and the expression of ucP2 was determined by western blotting. lPS with iFn-γ co-stimulation increased the mrna and protein expression levels of ucP2 in astrocytes, damaged the mitochondrial structure, and accelerated the release of TnF-α and il-1β, resulting in a decrease in the MMP, and the excessive generation of roS. Moreover, sepsis also caused a reduction in aTP production. The knockdown of ucP2 exacerbated astrocyte injury and mitochondrial impairment. in conclusion, both the function and morphology of mitochondria were damaged in an experimental model of sepsis in astrocytes, and knockdown of ucP2 using shrna exacerbated this impairment, suggesting that ucP2 has a positive effect on astrocytes as determined in an experimental sepsis model. university Hospital, Sichuan university; 8 Key laboratory of Birth defects and related diseases of Women and children, Ministry of education, West china Second university Hospital, Sichuan university, chengdu, Sichuan 610041, P.r. china
Introduction
Sepsis is an organ dysfunction caused by an imbalance altered homeostasis in the host due to infection. its high morbidity and mortality, resulting in the increased use of medical resources, is the main cause of death in pediatric intensive care units (Picus) (1) . Sepsis-associated encephalopathy (Sae) is a diffuse brain dysfunction caused by sepsis, that can occur during its early stages, even before the onset of clinical symptoms. The pathogenesis of Sae involves multiple factors and is complex (2, 3) . Many studies of both septic patients and animal models have concluded that mitochondrial disruption appears to be related to the progression and outcome of sepsis (4, 5) . a previous study (6) demonstrated that elements of mitochondrial disorder are conducive to Sae, including increases in reactive oxygen species (roS), and mitochondrial biogenesis, generation of cellular aTP and reduction in the mitochondrial membrane potential (MMP or ΔΨm). Astrocytes account for 90% of the total brain cells and play an important role in the pathophysiology of the central nervous system (cnS) (7) . Therefore, we explored the changes in mitochondrial function in astrocytes under septic conditions. according to published data, uncoupling protein 2 (ucP2) plays a vital role under physiological and pathological conditions (8) . This main role of ucP2 is to regulate the mitochondrial UCP2 silencing aggravates mitochondrial dysfunction in astrocytes under septic conditions inner and outer membrane proton gradients and establish a bridge between aTP and roS generation (4) . increased ucP2 expression has been observed during pathological states such as atherosclerotic plaques (9) cerebral ischemia (10) , experimental autoimmune encephalomyelitis (eae) (11) , and lipopolysaccharide (lPS)-induced cardiomyocyte injury (12) . Some pathophysiological conditions can cause irritation that can lead to increased ucP2 expression, resulting in a neuroprotective process. ucP2 alleviates roS generation to protect cells from oxidative stress-induced damage. ucP2 has been implicated in intracellular calcium regulation, neuronal plasticity, aTP production, apoptosis and synaptic transmission (13) . Inflammatory signaling activation is an important mechanism leading to increased roS production and mitochondrial dysfunction (14) . in experimental sepsis, after co-stimulation with lPS and interferon (iFn)-γ, a potent inflammatory state and significant mitochondrial damage can be observed (6, 15) . ucP2 is considered an important neuroprotective element in many inflammatory and degenerative states of the CNS (16) . For more than five years, our group has been dedicated to studying the role of ucP2 and mitochondrial dysfunction in the pathophysiology of sepsis. Previous studies by our team have demonstrated that the total expression of ucP2 is increased in brain tissue (17) , which is consistent with other findings (11) . However, the exact function of ucP2 in astrocytes under experimental sepsis conditions remains unknown. it is also unknown whether ucP2 has a positive effect on astrocytes under experimental sepsis conditions by maintaining the MMP and the production of roS. We speculated that ucP2 may regulate the MMP and mitochondrial function in experimental sepsis models. in this study, synthesis of roS and aTP, the MMP level, and other related factors were investigated following the knockdown of ucP2 by adenoviral transduction in primary astrocytes that were used as an experimental sepsis model.
Materials and methods
Chemicals and reagents. dulbecco's modified eagle's medium (dMeM), fetal bovine serum (FBS) and trypsin were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, Ma, uSa). The following polyclonal primary antibodies were used in this study: anti-ucP2 (1:1,000, 89326; cell Signaling Technology, inc.), anti-GFaP (1:200, 80788; cell Signaling Technology, inc.) and anti-β-actin (1:5,000, aP0060; Bioworld Technology, inc.).
Cell culture. neonatal rat cerebral cortical astrocytes were prepared using enzymatic dissociation and culture from 1-day-old newborn Sprague-dawley rat brains from animals obtained from the laboratory animal center of Southern Medical university (Guangzhou, china) according to a protocol described previously (6) . This study was approval by the nanfang Hospital ethics committee (nFYY-2017-39). The animals used in the study were provided by Southern Medical university animal experiment center [ScXK(Guangdong)2016-0041], and passed the experimental animal quality inspection in Guangdong Province (no. 44002100020527).
establishment of cell sepsis model. astrocytes isolated from neonatal rat cerebral codex were purified and cultured, and then randomly allocated into 4 groups: i) control group, ii) lPS+iFn-γ+6 h group, iii) lPS+iFn-γ+12 h group and iv) lPS+iFn-γ+24 h group. The cells were stimulated with lPS (150 ng/ml from Escherichia coli o111:B4; Sigma-aldrich; Merck KGaa) and iFn-γ (200 u/ml; Thermo Fisher Scientific, Inc.) Adenoviral transduction. The recombinant adenoviruses used to knockdown ucP2 (ad-ucP2) were designed and synthesized by Gene chem co. (Shanghai, china). The cells were transfected by viruses according to the manufacturer's instructions and stimulated with lPS (150 ng/ml from Escherichia coli o111:B4; Sigma-aldrich; Merck KGaa) and iFn-γ (200 u/ml; Thermo Fisher Scientific, Inc.) at 24 h after adenoviral transduction and for 48-72 h before the subsequent detection.
Determination of the mRNA levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and UCP2. Total rna was extracted from the cultured cells using Trizol reagent (Takara, dalian, china). reverse transcription was conducted with a one-Step rna-Pcr Kit (Takara) according to the manufacturer's instructions. β-actin was used as an internal control for the real-time PCR amplification. The sequences of the primers for real-time Pcr analysis were as follows: β-actin forward, 5'-aac aca cGa Gac GcT Gaa GT-3' and reverse primer, 5'-Tcc aGT GaG TTc cGa aaG cc-3'; ucP2 forward, 5'-GcT GGT GGT GGT cGG aGa T-3' and reverse primer, 5'-TGa aGT GGc aaG GGa GGT-3'; TnF-α forward, 5'-aac aca cGa Gac GcT Gaa GT-3' and reverse primer, 5'-Tcc aGT GaG TTc cGa aaG cc-3'; il-1β forward, 5'-ccT TGT cGa Gaa TGG Gca GT-3' and reverse primer, 5'-TTc TGT cGa caa TGc TGc cT-3'. Quantitative real-time Pcr was performed on a roche lightcycler 480 real-Time Pcr System using SYBr Premix ex Taq™ (Takara Shuzo co., Kyoto, Japan). after adding the corresponding primers and cdna to the master mix, the Pcr thermal cycle parameters were as follows: 95˚C for 10 min, 40 cycles at 60˚C for 60 sec and 95˚C for 15 sec, and a melting curve from 60˚C to 95˚C, which was performed to ensure amplification of a single product. The β-actin gene was used as an internal control to normalize for differences in the amount of total rna in each sample. calculations were based on the 2 -ΔΔcq method using the equation r (ratio) = 2 -ΔΔcq and normalized to β-actin expression in each sample (18) .
Enzyme-linked immunosorbent assay (ELISA) for the detection of IL-1β and TNF-α. eliSa kits (cusabio, Wuhan, china) were used to determine the protein levels of TnF-α and il-1β in the cultured supernatant. all procedures were performed according to the manufacturer's instructions.
Transmission electron microscopy (TEM). after groups of astrocytes were treated, they were collected and fixed in 2% glutaraldehyde at 4˚C overnight. The cells were dehydrated, embedded in epoxy resin (Piano) and polymerized after fixation. The cells were then stained with uranyl acetate and lead citrate and imaged using a Hitachi transmission electron microscope (magnification x20,000; H-7650; Hitachi, Tokyo, Japan).
Measurement of intracellular ROS levels. intracellular roS generation was assessed by 2,7-dichlorodihydrofluorescein diacetate (dcFH-da; Sigma-aldrich; Merck KGaa). astrocytes (7.0x10 5 cells/well) were treated with culture medium containing 10 µM DCFH-DA for 30 min at 37˚C. After incubation, the cells were assessed using a fluorescence microscope (magnification x400; Olympus Corporation), and the intensity of fluorescence was quantified by flow cytometry (Bd Biosciences).
Measurement of the MMP. The MMP was assessed in astrocytes using a Jc-1 kit (Beyotime, Jiangsu, china). after treatment, the cells (1.5x10 5 cells/well) were incubated with JC-1 staining solution at 37˚C for 25 min and then washed twice with JC-1 staining buffer. MMP was detected by flow cytometry (Bd Biosciences), and cells were imaged using a confocal microscope (magnification x400; Olympus Corporation).
Measurement of intracellular ATP levels.
The aTP levels in astrocytes were assessed using an aTP assay kit (Beyotime, Jiangsu, china) according to the manufacturer's instructions. data were normalized to the protein concentration of the cell.
Immunofluorescence staining. astrocytes (1.5x10 5 cells/well) were fixed in 4% paraformaldehyde for 15 min and permeabilized in 0.2% Triton X-100 for 15 min. Then, the cells were blocked with 5% bovine serum albumin in TBS for 1 h and incubated with primary antibodies (1:200) at 4˚C overnight. next, the cells were incubated with the appropriate secondary antibody (1:5,000, ab150079) for 60 min at room temperature. Finally, the nuclei were stained with daPi for 15 min. after staining the cells were imaged using a fluorescence microscope (magnification x400; Olympus Corporation).
Western blot analysis. Total protein was extracted using a Bradford Protein assay Kit (KeyGen, Jiangsu, china). each protein sample (30 µg) was separated on an SdS-polyacrylamide gel (10%) and then transferred onto a PVdF filter membrane (Millipore). The membranes were blocked in 5% BSa for 60 min at room temperature and incubated with the specified primary antibodies (1:1,000) at 4˚C overnight. Subsequently the membranes were incubated with HrP-conjugated secondary antibodies (1:10,000, BS13278; Bioworld Technology). densitometry was performed by using imageJ software 1.8.0 (national institutes of Health, Bethesda, Md, uSa).
Statistical analysis. SPSS 25.0 (iBM corp., armonk, nY, uSa) was used to analyze the experimental data, and values are expressed as the mean ± Sd. Statistical analyses were performed using either one-way analysis of variance (anoVa) followed by post hoc pairwise comparison (lSd) tests for analysis, or Student's t-tests and a value of P<0.05 was considered statistically significant.
Results
Cell identification. To ensure the accuracy of the experiments, the purity of the primary cells cultured were determined during the 4th week of culture. We labeled the astrocytes with specific protein, glial fibrillary acidic protein (GFAP), by immunochemical staining. according to the observed results ( Fig. 1a) , the proportion of astrocytes in the primary cultured cells was >95%, which met the requirements of this experiment.
Biomarkers of sepsis. Sepsis is caused by infection. during sepsis, proinflammatory cytokine secretion and roS generation are increased, which damages the brain. after stimulation of astrocytes with lPS (150 ng/ml) and iFn-γ (200 u/ml), the mrna levels of TnF-α and il-1β were increased in the supernatant of cultured cells compared to the control group (P<0.05; Fig. 1c ). The roS level was significantly higher in the LPS+IFN-γ group than that noted in the control group (P<0.05, Fig. 1d ). Thus, compared to the control group, treatment with lPS+iFn-γ induced a 6.59-fold increase in the roS level, a 5.13-fold increase in the TnF-α mrna level and a 11.09-fold increase the il-1β mrna level. These results showed that an astrocyte sepsis model had been successfully created.
Sepsis increases the expression levels of UCP2 in astrocytes.
To assess the expression of ucP2 in an experimental sepsis model in astrocytes, we performed a time course study of ucP2. The western blot results showed that ucP2 protein levels increased following sepsis induction and reached a peak expression level at 24 h. compared to the control group, sepsis caused a 1.82-fold increase in ucP2 protein expression (P<0.05; Fig. 1B and e ).
Transfection efficiency of UCP2. ucP2 expression in astrocytes was successfully knocked down by transfection with adenoviral-shucP2, which was performed according to the manufacturer's instructions. The mrna levels of ucP2, which represent the knockdown efficiency of ucP2, were measured by rT-qPcr at 72 h after transfection. after transfection with shrna-ucP2-14, the mrna level of ucP2 was reduced by 88%, and transfection with shrna-ucP2-15 and shrna-ucP2-16 resulted in reductions of 85% compared to the control group (P<0.05; Fig. 2a ). shrna-ucP2-14 was thus selected for use in the subsequent experiments. Western blot analysis revealed that an Moi of 25 to 100 for each astrocyte was able to reduce the expression of ucP2, and an Moi of 100 showed a higher inhibition efficiency (P<0.05; Fig. 2B and C) .
UCP2 mRNA and protein levels are increased in transfected astrocytes in an experimental sepsis model. To assess the role of ucP2 in the astrocyte sepsis model after ucP2 knockdown, astrocytes were transfected with adenoviral-shucP2 (shrna-ucP2) to suppress ucP2 expression. after adenoviral transduction for 48 h, the cells were treated with lPS+iFn-γ or dMeM for 2 h. The total rna and protein levels of ucP2 were analyzed. compared to the shrna-nc group, shrna-ucP2 induced a 0.87-fold decrease in ucP2 mrna and a 0.39-fold decrease in ucP2 protein expression suggesting that ucP2 expression was successfully suppressed ( # P<0.01; Fig. 2d-F) . compared to the shrna-ucP2 group, sepsis caused a 2.08-fold increase in ucP2 mrna and a 2.22-fold increase in ucP2 protein expression as noted in the lPS+iFn-γ+shrna-ucP2 group ( ** P<0.05; Fig. 2d-F) . The results showed that ucP2 expression was enhanced at the mrna and protein levels after stimulation with lPS+iFn-γ.
UCP2 knockdown enhances TNF-a and IL-1β levels in an experimental sepsis model in astrocytes.
TnF-α and il-1β are important indicators of sepsis. Treatment with shrna-ucP2 slightly increased the TnF-α and il-1β mrna and protein expression levels. as shown in Fig. 3a-d, compared to the shrna-nc group, treatment with shrna-ucP2 induced a 1.62-fold increase in the TnF-α mrna level (P<0.05) resulting in a TnF-α concentration in the culture medium of 23.44±1.5 (pg/ml), and a 3.15-fold increase the il-1β mrna level (P<0.05) resulting in a il-1β concentration in the culture medium of 187.46±32.19 (pg/ml). Subsequently, we explored the effects of shrna-ucP2 on astrocytes under septic conditions. mrna and supernatant from cells treated with lPS+iFn-γ+shrna-ucP2 had significantly higher IL-1β and TnF-α concentrations and mrna levels (all P<0.05) than the lPS+iFn-γ+shrna-nc group. This significant increase indicated that UCP2 knockdown enhances the TnFα and il-1β levels in astrocytes in an experimental sepsis model. UCP2 knockdown exacerbated ROS elevation in astrocytes under septic conditions. To investigate the role of ucP2 in mitochondrial function, the intracellular roS level of each group was measured by using dcFH-da probes. compared to the shrna-nc group, treatment with lPS and iFn-γ induced a 1.24-fold increase in roS generation in the lPS+iFn-γ+shrna-nc group (P<0.05). compared to the lPS+iFn-γ+shrna-nc group, shrna-ucP2 caused a 1.52-fold-increase in roS generation in the lPS+iFn-γ+shrna-ucP2 group (P<0.05; Fig. 3e-G) . The results indicated that ucP2 knockdown significantly increased the roS generation in astrocytes after treatment with lPS+iFn-γ for 24 h.
UCP2 knockdown aggravates mitochondrial dysfunction in an experimental sepsis model in astrocytes. To further evaluate the effects of ucP2 knockdown on lPS+iFn-γ-induced injury, we analyzed the MMP and the aTP levels in astrocytes after various treatments. The ratio of red to green fluorescence was determined to indicate the MMP value. as shown in Fig. 4a , the red fluorescence intensity in the LPS+IFN-γ+shrna-ucP2 group was weaker than that in the lPS+iFn-γ+shrna-nc group. However, the opposite results were observed for the green fluorescence intensity. To further determine the change in the MMP, the ratio of red fluorescence to green fluorescence as shown by flow cytometry was assessed ( Fig. 4B and c) . in the shrna-nc group, the ratio was 1.589±0.429, while the lPS+iFn-γ+shrna-nc group showed a lower ratio (1.033±0.089; P<0.05 vs. the shrna-nc group, n=3), indicating a decrease in the MMP in the astrocytes under experimental sepsis. astrocytes treated with lPS+iFn-γ+shrna-ucP2 exhibited a further decline, with a ratio of 0.578±0.202, (P<0.05 vs. lPS+iFn-γ+shrna-nc group, n=3). The results indicated that knockdown of ucP2 exacerbated the decrease in the MMP as detected by confocal microscopy and flow cytometry. cellular aTP detection showed that after 24 h of exposure to lPS+iFn-γ, the cellular aTP content was markedly reduced in the shrna-nc+lPS+iFn-γ group compared to the shrna-nc group and the shrna-ucP2+lPS+iFn-γ group (P<0.05; Fig. 4d ). However, compared to that of the shrna-ucP2 group, the cellular aTP content in the shrna-ucP2+lPS+iFn-γ group was not significantly (ns) different (P>0.05; Fig. 4D ).
UCP2 knockdown increases mitochondrial ultrastructure damage in astrocytes under septic conditions. The mitochondrial ultrastructure was examined by TeM (Fig. 4e ), which showed that most mitochondria of astrocytes in the shrna-nc group had little injury, while damage was increased in the shrna-nc+lPS+iFn-γ group, with some swelling and even vacuolization in mitochondria. compared to the shrna-nc group, knockdown of ucP2 significantly enhanced mitochondrial swelling damage. Furthermore, after stimulation of ucP2 knockdown in astrocytes with lPS+iFn-γ, the mitochondrial ultrastructure was most severely damaged; increased mitochondrial vacuolization and rupture of mitochondrial membranes were observed.
Discussion
Our study findings demonstrated that astrocytes subjected to an in vitro model of sepsis-associated encephalopathy (Sae) induced by lipopolysaccharide (lPS) and interferon (iFn)-γ exhibited increased expression of uncoupling protein 2 (ucP2) during the early stage. adenoviral transduction successfully decreased ucP2 mrna and protein expression in cells during Sae. in addition, astrocytes with adenoviral transduction of shucP2 that were stimulated with lPS+iFn-γ showed an increase in reactive oxygen species (roS) production, marked by damage to the mitochondrion, higher ucP2 protein levels, and decreases in the mitochondrial membrane potential (MMP) and cellular adenosine triphosphate (aTP) levels. When astrocytes with ucP2 knocked down were stimulated by lPS+iFn-γ, we observed an increase in proinflammatory marker expression and damage to the mitochondrial ultrastructure.
our group has reported the mechanisms of sepsis-induced mitochondrial dysfunction in various organs; these mechanisms are gradually assuming an important role in sepsis research and its potential treatment (6, (19) (20) (21) . To establish the mechanisms underlying the sepsis-induced brain inflammatory process, we have observed numerous cellular and molecular changes that, with time and increased understanding, broaden the list of new molecules that may contribute to the pathological state of the disease. While ucP2-based neuroprotection has been widely reported in many species (22, 23) its participation in Sae requires further investigation. increased expression of ucP2 was observed after lPS+iFn-γ was added to the primary astrocytes, reaching a peak at 24 h after stimulation. combined stimulation with lPS+iFn-γ previously showed greater efficiency in activating astrocytes in vitro than stimulation with lPS alone (6) .
The silencing of ucP2 gene expression is a molecular protocol that targets the mrna of this molecule, limiting its availability by annealing with complementary nucleotide sequences. lu et al (22) demonstrated that UCP2 deficiency increased intracellular roS generation and elevated oxidative stress response l-methyl-4-phenylpyridinium treatment in primary astrocytes. Moreover, deng et al (14) reported that overexpression of ucP2 in a549 cells inhibited roS accumulation and apoptosis under hypoxic conditions. The authors assumed that the induction of ucP2 expression in the selected cells could be considered an endogenous protective mechanism that might effectively reduce the stimulation of inflammation. our observation that knockdown of ucP2 in primary astrocytes made them more susceptible to the mitochondrial dysfunction might be evidence of the neuroprotection elicited by ucP2.
The MMP is formed by the asymmetric distribution of protons and other ions on both sides of the membrane. Stabilization of the MMP is conducive to maintaining the normal physiological function of cells. as previously demonstrated, a decrease in the MMP is closely related to cell damage (24) . in the present study, stimulation with lPS+iFn-γ led to a decrease in the MMP in an experimental sepsis model in astrocytes, and knockdown of ucP2 markedly aggravated mitochondrial damage (12) , which is consistent with our previous study that analyzed lPS-induced sepsis in neonatal rat cardiomyocytes (unpublished data). ucP2 regulates the proton concentration of the mitochondrial inner and outer membranes. Therefore, ucP2 is strongly associated with the MMP, as indicated by the fact that in lPS-induced cardiomyocyte injury, overexpression of ucP2 can markedly change the MMP and alter roS generation. Many studies have shown an interaction between the MMP and roS (19, 25) . ucP2 is considered an important factor in increasing neuronal survival after stroke and brain trauma, and its activation can reduce roS production and cellular stress (10) .
in the present study, the roS level was increased when ucP2 was knocked down under experimental septic conditions. This is consistent with the result observed for MMP, and could explain the protective role of ucP2 on a different level. cellular aTP, which is the special energy currency in the cell, is also an important indicator of mitochondrial function as it is generated from the coupling of electron transport and proton dynamics through the electron transport chain (eTc). ucP2 decouples oxidation and phosphorylation in mitochondria by reducing the proton concentration difference on both sides of the mitochondrial inner membrane and aTP synthesis. our present study found that sepsis damaged astrocytes and led to low levels of aTP, while ucP2 silencing rescued the aTP levels. This finding of the function of UCP2 was previously identified.
our experimental results showed that mitochondrial dysfunction aggravated oxidative stress, leading to a decrease in the MMP and aTP levels under septic conditions. Knockdown of ucP2 aggravated the destruction of mitochondrial ultrastructure, caused more severe edema and damage to mitochondrial inner membrane, and increased MMP disruption, suggesting that ucP2 may play a positive role under Sae conditions. However, the neuroprotective effect of ucP2 in sepsis-associated encephalopathy remains to be determined. The role of ucP2 in neurons in the brain requires further study.
in conclusion, our study showed that co-stimulation with lPS+iFn-γ triggered mitochondrial disorder in astrocytes and that knockdown of ucP2 by adenoviral transfection exacerbated mitochondrial injury, indicating that ucP2 has a positive effect in astrocytes under septic conditions.
